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Abstract

The development of control of large flexible structurcs
tcchnology must include practical demonstrations to aid in
the understanding and characlerization of controlled struc-
tures in space. To support this effort, a testbed facility
has been developed 1o study practical implementation of
new control technologics under realistic conditions. The
paper discusses the design of a second order, acceleration
feedback controller which acts as an active vibration ab-
sorber. This controller provides guaranteed stability mar-
gins for collocatcd scnsor/actuator pairs in the absence of
sensor/actuator dynamics and computational time delay.
Experimental results in the presence of these factors are
presented and discussed. The primary performance objec-
tive considered is damping augmentation of the first nine
structurcl modes.  Comparison of experimental and pre-
dicted ¢loscd-loop damping is presented, including test and
simulatcd time historics for open and closed-loop cases.
Although the simulation and test rcsults arc not in full
agreement, robustness of this design under model uncer-
tainty is demonstrated. The basic advantage of this sccond-
order controller design is that the stability of the controller
is model independent. B

Introduction

Large space structurc control requires special controt
design methodology. High modal density in the controller
bandwidth makes rolloff of control authority a problem.
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Many of the theorctical issucs with regard 10 large space
structure control were recognized and initially treated by
Bcenhabid, Flashner, and Tung.! Experimental validation is
now becing demonstrated with a series of facilities which
have been designed for that purpose.?+# It is recognized
that the complexity of these structures foster the use of con-
trollers with high and low authority. Theorctically, low au-
thority controllers arc uscd 1o augment the inherent damp-
ing of the structurc, whilc the high authority controllers arc
designed to achieve the desired performance. One form of
these low authority controllers is an active vibration ab-
sorber (AVA), which is the subject of this paper.

NASA and the Controls Structurcs Intcraction (CSI)
program have undertaken the design, devclopment, and
fabrication of generic structurces to study fundamcntal prob-
lems In the Implementation of advanced control method-
ologics. The program stresses the application of cxisting
scnsor and actuator technologies for identification and con-
trol. The first such testbed of the CSI program has been
compleicd at the NASA Langlcy Rescarch Center. The
configuration sclected, which is described in detail in a later
section, uses thrusters and accelerometers as its primary
acluation and scnsing devices. Initially, controller designs
that would not require knowledge of the dynamics of the
Structure are preferred. This allows the implementation of
such controllers cven when model uncertaintics are large,
For this purpose, a proccdurc for designing second order
controllers using passitivity concepts is discussed for con-
tinuous time systems.® Using this approach, dccentralized
controllers have been designed and used for experimental
validation,

The paper outlinc is as follows: first the controller de-
sign theory is prescnted followed by a mechanical analogy.
A brief description of the testbed is given, and a controller
design procedure for the laboratory modecl is described. Fi-
nally, test results from the cxperimental implementation are

~ provided and compared with the analytical results.



Controller Design Theory

For large scalc systcms, a model of the structure is
often obtained via finite clement methods resulting In a sct
of state and ontput cquations of the form:

Mz + Di + K2 = Bu ()

y = Hak + Hot + Hyz 3]

Here 2 is an n x 1 state vector, and M, D, and K are
mass, damping, and stiffncss matrices, respectively, which
gencerally are symmetric and sparse. The n x p influence
matrix 17 -lescribes the actuator force distributions for the
p x 1 infut vector w.  Equation (2) is 8 measurement
cquation with y as the m x 1 measurement veclor, H, the
m x n acceleration influcnce matrix, Hy, the m x n velocity
influcnce inatrix, and H, the mx n displacement influence
matrix. For direct output feedback control, the input vector
u can bhc vrritten

KR Gy = —G”ai - G”ui - Gl’dz (3)

where G is a gain matrix 10 be determined. Substituting
Fq. (3) into Eq. (1) yiclds

(M + BGila)i + (D + DGHy): + (K + BGH )z =0 (4)

It is shown by Juang and Phan® that for a structural sys-
tem, output velocily feedback with collocated sensors and
actuators makes the closcd-loop system asymptolically sta-
ble with an infinitc gain margin. Without velocity sensors,
however, the system damping cannot be augmented with
direct output feedback unless additional dynamics are in-
troduced.

Let the controllcr to be designed have a sct of sccond-
order dynamic equations and measurcment cquations sim-
ilar 1o the system cquations, Egs. (1) and (2),

M:%: + Deze + Ke!c = Peug (5)

Ve = ,{ncic + ”ucic -+ "d‘2¢ (6)

Here zc is the controller state vector of dimension ne,
and Me, D, and K. can be interpretcd as the controller
mass, damping, and stiffncss matrices, respectively, which
in general, arc symmctric and positive definite to make the
controller asymplatically stable. The . x m influence ma-
trix Be describes the force distributions for the m x 1 input
force vector ue. Equation (6) is the controller measurement
cquation having y as the measurement vector of length p,
Hac the px ne acceleration influence matrix, My, the pXne
velocity influence matrix, and Hg. the p x n. displaccment
influcnce matrix. All the quantitics u., y., and n., arc
arbitrary which mcans that M., D., K., Hg., Hye, Hae
and B, arc the design parameters for the controlicr,

Let the input vector u in Eq. (1) and u, in Eq. (5) he
v =ye=Hacke + Hucte + Hy, 2 )

e =y =HaZ + Hot + Hyz ®)

Substituting Eq. (7) into Fq. (1) and Eq. (8) into Fq. (5)
yiclds

M3} Dyt + Kizp =0 €)]
where
M ~BHge
M, = [-»ncna M. }
D —-BHye
Dy = {--n,n,, D. }

[ » -pu, =
K‘ - [*Bcl’d Kc } ' z‘ - [Zc]

If the design paramcicrs are choscn such that M, Dy and
K, arc positive definite, the closed loop system, Eq. (9),
becomes asymplotically stable.

Consider the special case for acceleration feedback only
where Hy=Hy = Hy, = Hye = 0 in Eq. (9). This makes
the closed-loop mass, damping and stiffness matriccs

T oM ~DHae D o
M‘"[-B,n.. M, J D“{o Dc]’

K o]
K'A-[O KCJ

For M to be a positive definite matrix, it must be a rcal,
symmetric matrix satisfying

2¢TM¢2¢ >0 (10)

for any real vector 2, except the null vector. To make M,
symmelric, it is requircd that

BHa: = 0T BT (1)

Substituting the definition of z, and M, into Eq. (10) and
using Eq. (11) yiclds

2 Myz¢ = 2T (M - B, HT,BT)z+

(HIBTz — 2)T(HL BTz - 20) + 2T (M - I)s.

This equation is greatcr than zcro if Hae and M. arc chosen
such that M~ BHacHI. BT and M, — I arc positive definite.
Note that this is a sufficicnt condition but not a necessary

onc.



In an aucmpt o obtain a controlicr structure without
this restriction on Hae and Me, et the « in Eq. (7) be
modificd 10 include a direct acceleration fecdback term.

Then
Y == Yo — Goﬂ = ”acic o Gﬂ' (|2)

which makcs

Myt BGaHg —~BlHg,
- 3
M [ ~BcHa M. ] ()
Defining
Ga = I'acM:IBc (|4)

substituting into Eq. (13), and using the symmetry condi-
tion in Eq. (11), the positive definite condition in Eq. (10)
becomes

:TM‘::‘ = zTMz+

(M ' Belaz - 2)T MM Bellaz - z.) 15)

which is positive if M and M. arc positive definilc ma-
triccs. Figurc | shows a block diagram of the closcd-
loop system with acceleration fecdback. Figure 2 depicts
a reduced block diagram for the same sysicm. To de-
sign a second-order comroller having the stnucture given
in (5).(6),(8).(12), and (14), it is only nccessary 1o require

fs) ; > ] e
GJ(J)="‘,IMJ +Ds+K] B P -
v 1 e
G = M8 |
2 !
& - G (s) =1 M s tDs+K 1B, la
Fignre 1. Block diagram of closed-loop system with

direet and dynanic feedback

")

G () =1 M +Ds 4 K)'B A

s},
@

t . 1 )
T HadMS DK DK M B e

Figure 2. Reduced block diagram of closed-loop
system with general aceeleration feedback

M., De and K. 1o be posilive definite and that Eq. (11) is
satisficd.

Mechanical Analogy

With further constraints on the plant and controller,
this second-order controller can be thought of as attaching
an additional mass, spring and damper asscmbly 10 the
structurc at the location of the sensors/actuators. For the
casc of a singlc modc plant, a diagram representing the
closed-loop sysicm can be drawn as shown in Fig. 3,
Letling z¢ = za-- 2z results in plant and controller cquations:

Plant : Mz y Di { Kz = 2z,

y:= 32 16)
Controller : Mcze + Deze | Keze — Mey
ze = ~Kexe -~ Dexe (17)

A block diagram for this physical system is shown'in Fig.
4. Upon comparison of Fig. 2 and Fig. 4, Hae and B,
must satisly

Hy e = Alr'} ('8)

Figure 3. Single mode structure-controller design
model

r(s) » ¥(s)

Ms' +Ds +k) " K

2 [
MM +Ds+K J (D s+K )

Figure 4. Block diagram of single wmnde structure
controller closed-loop system



Assuming collocated sensors and actuntors and unity force
input, the constraints given in Eqs. (11) and (18) diciate:

"a =1 ('9)
n=i (20)
"ac = Mc (2')
Be = M, (22)

Using the controller equations given in Eq. (17), a state
space model can be written:

=A% + Dy 23
u=C%+ Dy (24)
where
0 1 0
A“ Kc/A"r “,)r/Mc]' " - [l]!

C=[-Ke -Dc|, D=0}, &~ [f‘]
Ze

The controller low frequency gain cquals Me. In the pres-
cnce of sensor bias, a large M. could result in large ac-
tuator command offscts or even satration, It is important
to scleet conservative values for M. to reduce the effects
of offscts. In analogy with vibration absorbers®, the fre-
quency of the absorber is sct equal to the targeted mode,
i w? = Ke/M.. After sclecting values for M, and K.,
values for D¢ arc sclected bhased on root locus design. In

! LI
' “f'f""-"‘\.\, o
jnvﬁ ‘\"'-‘-r‘“,\,._x_\'
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L Agyminum truss

Cable suspension !

Figure &, Photograph of the ('S] Evolutionary Model

testhed
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the following section, a description of the testhed facility
is presented.

Laboratory Model Description

A photograph of the cvolutionary model testhed (4]
is shown in Fig. S. The structure weighs 741 Ibs. and
is supported from the cciling with (wo steel cables with
lengths of 64.5 fi. cach. The truss is made of aluminum
struts forming 10 in. cube bays of single lace diagonals
altcrnating so that opposite faces cross. The batten planc
has diagonals which also altemaic. The major componcnls
of the structure arc the center section 52.5 [t long, a
16 ft.  diamcicr reflector, and a 9.2 ft.  tower where a
laser beam is located. The steel cables are attached 1o the
ends of two cross member trusses 16.7 i, long to ensurc
stability when suspended. The actuators e proportional
thrusters using a 125 psi extcrnal air supply connected to
thc model via flexible rubber hoses. A total of R actuator
pairs are placcd at four locations along the truss as shown
in Fig. 6, and cach acluator pair is capable of producing
4.4 lbs. In addition, 8 accclcrometers are located with
the thrusters for identification and control experiments.
The finite clement model has 81 maodes helow 50 Hz,
Because of the suspension, the first six structural modes
arc pendulum mades with frequencics between 0.1 Hz, and
0.9 Hz. The next three moxdes are bending modes with
frequencics between 1.4 Hz and 1.9 Hz. Orthogonal views
of the mode shapes for modes 6 through 9 arc provided
in Figs. 7-10. Control laws arc implemented on a digitat
computer at sampling rates of 80 Hz and 150 Hz.

o i
| S

- Refiector

Fignre 8. Schematic of the (S| Evolutionary Model
showing actuator /sensor locationg o




Pignre 7 Vibration maode 6, [:0.9 1z

&

Figure 9 Vibration mode 8, £=1.7 1l Figure 10. Vibration mode 8, £::1.9 1
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Controller Design

The design theory discussed is now used o develop
SISO controllers for cach actuator/sensor pair. The design
approach is to detcrmine the most controllable/obscrvable
modc(s) for a particular input/output pair and tnc a scc-
ond mder controtier to the mode(s). Fach second order
controller has three design paramcters, namely, M., D.,
and K. I onc actwatdr/sensor pair is to control n scpa-
rated modes, n distincl scts of design paramcters need to
be determined. The procedure used to design controllers
for the evolutionary madel is the following:

(1) Choose M. to avoid large command offscts.

(2) Choose a target mode for cach actuator/scnsor pair
and determine the value of K. nceded to match its
frequency, where Ko /M, = w?.

(3) Determine the valuc of De which optimizes the damp-
ing valuc of the target mode.

The design objective is to increase damping in the first
ninc modes. A valuc of 0.1 Is sclected for M. based on
previous experimental results. The modes sclected and the
corresponding actumor/sensor pair used 1o control them
arc presented in Table 1. Each actustor/sensor location
is Inbeled with a nnmber from 1 10 R, (scc Fig. 6). Using
Table I, actuator/sensor pair at location 4 is responsible
for controlling mode number 8. The actuators at focations
1.2,3, and 7 have two independent controllers for the 1*¢
and 2nd target mades, while the remaining four have one.

Table 1: Mode number to be controlled and corresponding

Although the actuator/sensor at location B is responsible for
modes 6 and 7, only onc controller is designed by tuning
its frequency in between the two modes. To optimize
damping, a root locus is performed for cach actuator/sensor
pair by fixing M, and K. and varying D.. In locations
where more than one controller is used, cach controller
is optimized separately.  Figure 11 shows the root locus
for mode 6 using actuator/scnsor pair 8 for valucs of De
ranging from 0.1 to 1.0. A maximum damping value of
3.5% is achicved when D.=0.4. The controller paramcier
values, M., D., and K., for cach second order controller
designed are given in Table 2,

u[ ey e —— e s —s
“ Optimal Damping
= ,)( = 4 > -
b R
< w2 ( 7
2 |
) .
§, \‘\‘-<"‘“~-~ < .
E
—
49
an PR S S LU W
n? 0.18 014 014 012 ol ftm 0.06
Real Azis

Figure 11 Mode 6 root locus with controller param-
etler I)c

actuator/sensor location

Location No, 1*! Target Mode 2" Target Moxle
T 3 9 -
2 4 R
3 2 9
4 8 -
5 I -
6 3 .
7 1 8
8 6 7

Tablc 2: Controller design parameters

1*" “Target Mode 2"7 Target Mode
Location M, De K. M, De K. ]
T N 06 089 1 A 13.22
2 N | .2 2.10 N .5 10.88
3 A 1)) 083 N 4 13.22
4 R 4 10.88 - - -
5 1 03 083 - - -
6 1 04 083 - - -
7 N 03 083 1 4 10.88
8 .1 4 395 - - -
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Experimental Results
1. Implementation Issueg

The conurollers described in the previous section have
special propertics that must be considered in the aclual
implementation.  The active implementation of the AVA
controller should ideally cmulate a physical spring-mass-
damper attached 10 a structure at a single point. This state-
ment implics the critical assumption that collocated scnsors
and actuators can be realized in the active implementation
of the controller. Scnsor and actuator collocation must
be spatial and tcaporal. Spatial collocation is difficult w0
achicve because of the finite dimensions of scnsors and ac-
tuators. Typical mounting of scnsors and actuators result
in spatially close arrangcments, not collocated. Temporal
colocation is cven more difficult to achicve. First, the scn-
sors and actuators must have no inhcrent dynamics in the
frcquency range zcro to infinity. Sccond, the control law
calenlation must produce no phase shift except for that pro-
duced by the AVA controller. Hence, temporal collocation
can be most closely achicved with very large bandwidih
sensors and aclators and analog computations,

In the following paragraphs, the digital implementation
of the AVA controller will be demonstrated on the structure
shown in Fig. 5. The cffccts of sample delay, the sequence
ol real time computations, and spatial non-collocation arc
shown using cxperinicntal data. It should be noted that the
sensors used in this study have a bandwidth of 300 Hz,
whereas the actnators have a bandwidth of about 45 Hz.
fn our case, the maximum frequency to be controlled is at
1.9 1z, and thus, the assumption of ncgligible scnsor and
actuator dynamics is not grossly violated.

Figure 12 shows the closed-loop implemcntation of the
system controller. The extcmal disturbance r produccs the
structural acceleration oulpul y.  Switches A and B arc
used to close the controller loop. Classic implementation
ol Kalman filicr bascd conuollers call for switch A ©
be closed at all times since the controller is actually an
estimator of the structural states. Nt will be shown that
the. AVA controlicr is not an cstimator and switches A
and B should be closed simultancously 10 activate closed-
loop conrol. When closed-loop control is activated the
following steps take placc at cach of the &** sample
periods:

(1) Input y(k)

(2) Outpat u(k)

(3) Compute control force u(k 4-1) = Cz(k) + Dy(k)
(4) Compule controller statcs Z(k + 1) = ®z(k) + Ty(k)
(5) Wait for next clock pulse

where @ and I are the time discretized versions of the A
and B mawices in Eqy. (23). It is also noted that the D
matrix for the AVA controller 18 aull,

The AVA controller has been implemented following
the scquence of steps above at a sample ralc of 80 Hz.
The structurc was cxcited at two bending modes and
two pendulum modes for 10 scconds, then closed-loop
control was initiated at 12.5 seconds. Figure 13 shows the
acceleration output with switch A closed from 1=0 scconds
and implementing steps 1-5 above in sequence.  The
controller is unstable in a mode ncar 7 Hz. Since the AVA
controller is not an estimaltor, swilch A and B were closed
simultancously at 1=12.5 seconds in the test data of Fig.
14. Even though the conwroller is still unsiable, the initial
closed-loop acceleration is much improved. This is duc 10
a smooth transition from open to closed-loop. To further
improvc the closed-loop hehavior, the controlier time delay
should be reduced. This can be achicved by climinating the
full time step delay that occurs in the computations of steps
1-5 above. Since the D matrix is null, steps 3 and 4 may
be rcordered to compute the controller state first and then
the control force. This climinates the onc step delay and
results in a stablc controller as shown in Fig. 15. Note that
it is prcferred o reorder the computing sequence instead
of substituling the state cquation into the control cquation
to climinatc time dclay as the latter resulls in a D matrix
which is not null thus requiring additional computations.

Structure

Swiéch Swilch

Contiolier  fe—-—-

Figure 12. Controller closed-loop immplementation

Acceleration (in/sec?)

S N ) » 15 )
Time (seconds)

Figure 13, Closed-loop responses at locations 1 and
3 with switch A closed at =0
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Figure 14. Closed-loop responses at locations | and
3 with switch A closed al t=12.5
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Pignre 150 Closed loop responses at locations 1 and
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Althongh the controller is now stable, the FCSPONSC in-
dicates aliasing because of the relatively slow sample ratc.
When increasing the sample rate, the number of compu-
tations required 10 implement the controller is usually a
limiting factor, Hence it is desirable o limit the size of the
controller computations, ‘This is oficn done hy controllcr
state reduction, or block diagonalization of the n by n statc
matrix ¢ using some real transformation. An interesting
feature of the AVA conwroller is its second-order structure.
When transformed to a first order form, the sccond-order
controller equations do not represent n independent states
but rather n/2 independent states. This permits the con-
hroller rate states to he expressed in terms of controller po-
sition states. For example, a one-step implicit trapezoidal
integration results in the rate states v as functions of the
position states d as:

o(k) = ZI4(K) - d(k ~ 1)) - o(k — 1)

t

where A is the time step, A = #(k) — t(k - 1). The above
cquation was uscd 10 reduce the controller state computa-
tions for the AVA controller which permiticd a speed in-
creasc from 80 Hz to 350 Hz for the 24 state, B-input 8-
oulput controlicr using a VA Xstation 3200 computcr. Fig-
ure 16 shows the response of the sysiem for this update
rale. Notice the aliasing thal occurred while sampling at
80 Hz is now abscnt and that the closed-loop performance
is improved.

In Fig. 16 a 32 Hz mode is being excited by the
controllcr that was not noticcably cxcited in the excitation
phase. This 32 Hz mode has been traced to spatial non-
collocation of the scnsors and actuators in the original
instaflation. Figure 17 shows the original installation has
the actuators (thrusters) mounted in the center of the truss
bay faccs, whereas the sensors were mounted on the truss
bay comers. Becausce of this spatial offsct, {orsion-bending
coupling of the truss vibrations resulted in the closed-loop
controller exciting a torsion mode at 32 Hz. The sensor
installation was modificd as shown in Fig. 17 o prevent
local torsional behavior from being sensed.

This modificd installation was uscd in the results of
Fig. 18. As can be scen, the 32 Hz mode is no longer
being driven by the controller.

In summary, the implementation of the AVA controller
using acceleration feedback is improved by:

(a) Not calculating conwroller states during the excitation
phasc

(b) Rescgquencing the control
delay

(c) Updating the controller as fast as possible

ler compute steps to reduce

(d) Improving the spatial collocation of sensors and actua-
tors.

The following section will describe the controller per-
formance shown in Fig. 1R in more detail.

30— — —————
—
tlo
© o
"
S
[
ok
S
£ sl ’ .
.9
“ 0 - — - — -
9
$
<
9
{g [
”,.—_———l ——— A e A A ]
] 3 10 13 2 25 30

Time (seconds)

Figure 16. Closed-loop responses at locations 1 and
3 with 350 11z sample rate
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11. Simulation snd Test Comparison

In dctcrmining the success of AVA controlicr, cach
of the ninc modes was excited indcpendently, and the
conurollcr was then activaled for vibration suppression.
The top of Fig. 19 shows the experimental open and
closed-loop accelerometer responses for the sixth mode
of the structure.  This mode is controlied from tocation
8. For open-loop, the structure is excited using sinusoidal
excitation at the frequency of the mode of interest for the
fiest 10 seconds. For closed-loop, the structure is excited in
the same manncr, and then the controller is activated for the
duration of cach test. Shown in the bottom of Fig. 19 arc
the open and closed:-loop time history compucr simulations
performed for the same conditions.  Figure 20 depicts the
experimental and simulated open and closed-loop responscs
for the cighth mode.

Table 3 lists the finite clement and cexperimental fec-
quencics, open-loop damping, predicted closcd-loop damp-
ing, and experimental closed-loop damping. The experi-
mental and analytical frequencies for the first nine modes
arc fairly accuralc, but at higher frequencies (not shown),
this accuracy decreascs considcrably. The predicicd and
actual damping valucs achicved when implementing this
controller are somewhat different. It is of interest (o notc
that mode 2 showed no damping improvement in the ex-
periment. This is duc in part to the pendulum mode aceel-
cration being nearly cqual and opposite to the geometric
change in acceleration duc to gravity. Since the finite cl-
cment madel of the structure docs not include gravity, the
cxperimentally sensed acceleration for this mode is signif-
icantly lower than predicied, Although the damping ob-
tained with the AVA controller is not predicted well, sta-
bility is conserved under modcling crrors.

Orignial Instaltation Moddied Installation

Actnlatathn
Saensie

Acceleration
Sensors

Fhrusters Thrusters

Fignie 17. “Testhed sensor factuator installation

——
~

e . e e ‘_____._J“_,‘__J

- e —— e

S L3

v
L3
1

Acceleration (in/sec?)

0 A A ..._-,._L_.__.J
o s to M n 23 30

Time (seconds)

Figure 18, Closed boop tesponses at loeations 1 and
3 with modified sensor installation

L7 . L T

Acceleration (in/sec? )

ol [ A & ,_*—,‘_J

h "0 1 X P13 0
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Fignre 19 Open aned «losed loap responses at, location

8 for mode 6

80, - e N i . DR T P,
Frperiment
[
i
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Acceleration {in/sec?)
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Figure 20. Open and closed: loop responses at locatjon
2 for mode 8
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Table 3: Comparison of Experimental and Analytical Frequency and Damping Results

Frequency (Hz) Damping (%)

Mode Analysis Experiment Expcriment Analysis Experiment
Number Open-loop Closed-loop Closed-loop
1 .146 14 47 8.7 10.6

2 148 14 7.0 109 68
3 154 A5 7.0 13.0 13.5
4 720 73 1.5 1.5 8.2
5 741 12 1.2 6.5 6.2
6 868 .90 6 37 47
7 1.43 1.50 4 46 9.3
8 1.66 1.72 .66 7.8 13.1
9 1.83 1.90 .50 48 8.0

Conclusions References

The implemeniation of the active vibration absorber has
been experimentally demonstrated.  Using only accclera-
tion fecdback, a second order controller design is presented
which represents an active tuned spring-mass-damper as-
scmbly. Experiment and simulation results show the con-
troller performs well cven in the presence of modcling or-
rors. Since acccleration sensors arc rclatively inexpensive
and provide an incrtial mcasurement, this type of sensor is
likely to be used in structural control applications. The con-
troller design presented hercin permits direct use of accel-
cration signals without the need for prefiltering. Morcover,
the active vibration absorber has high stability robusincss
as only its perfonnance, not its stability, is modcl-based.
General implementation issucs are discussed to Insure the
rcader can properly use this tcchnology in other applica-
tions. The cffects of poor implementation are shown using
experimental data.  With proper implementation, the con-
troller successfully augments the damping of the struclure.
This simple controller design, due to its high level of sia-
hility robustness, has great potential for distributed, inner-
and outer-loop control systems for spacecraft structures.

{11 Benhabid, RJ. Flashner, HLK, and Tung, F.C., “ACOSS
Fourteen (Active Control of Space Structures),” RADC-
TR-83-51, Final Report, March 1983,

{2) Irwin, R.D.Jones, V.1, Rice, S.A. Tollison, D.K., and
Sclizer, S.M., “Active Control Technique Evaluation
for Spacccralt (ACES)”, Final Rcport Aug. 1986-July
1987, AFWAL-TR-88-3038.

[3} Tamner, S., Pappa, R., Sulla, J., Elliott, K., Miscrentino,
B., Bailey, J., Cooper, P., Williams, B., “Mini-Mast
CSI Testbed User's Guide,” NASA TM-102630, Lan-
gley Rescarch Center, February 1991,

[4] Belvin, W. K., Elliou, K., Bruner, A., Sulla, J. and
Bailey, J., “The LaRC CSI Phase-0 Evolutionary Model
Testbed: Design and Experimental Resulis,” presented
at the 4th Annual NASA/DOD Conference on Control/
Structures Intcraction Technology, Nov. 1990,

{5] Juang, J.-N. and Phan, M., “Robust Controller Designs
for Second-Order Dynamic Systems: A Virtual Pas-
sive Approach,” NASA TM-102666, Langlcy Rescarch
Center, May 1990,

[6] Snowdon, J.C., Vibratlon and Shock tn Damped
Mechanical Systems, John Wilcy & Sons,Inc., New

York 1968,

ORIGINA;. pjy o 16
POOR ALY

10




Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.

NASA TM-104048

4. Title and Subtitle 5. Report Date

Active Vibration Absorber for CSI Evolutionary Model: March 1991
Design and Experimental Results

6. Performing Organization Code

7. Authorls) 8. Performing Organization Report No.

Anne M. Bruner, W. Keith Belvin, Lucas G. Horta, and

Jer-Nan Juang 10. Work Unit No.

590-14-61-01

9. Performing Organization Name and Address

NASA Langley Research Center 11. Contract or Grant No.
Hampton, VA 23665-5225

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address ,
Technical Memorandum

National Aeronautics and Space Administration

Washington, DC 20546-0001 14. Sponsoring Agency Code

15. Supplementary Notes
Presented at the 32nd Structures, Structural Dynamics and Materials Conference

Baltimore, MD, April 8-10, 1991.

Anne M. Bruner: Lockheed Engineering & Sciences Company, Hampton, Virginia.
W. Keith Belvin, Lucas G. Horta, and Jer-Nan Juang: Langley Research Center,
Hampton, Virginia,

16. Abstract

The development of control of large flexible structures technology must include
practical demonstration to aid in the understanding and characterization of
controlled structures in space. To support this effort, a testbed facility has

been developed to study practical implementation of new control technologies under
realistic conditions. The paper discussed the design of a second-order,
accelerat.on feedback controller which acts as an active vibration absorber.

This controller provides guaranteed stability margins for collocated sensor/actuator
pairs in the absence of sensor/actuator dynamics and computational time delay.
Experimental results in the presence of these factors are presented and discussed.
The primary performance objective considered is damping augmentation of the first
nine structural modes. Comparison of experimental and predicted closed-loop damping
is presented, including test and simulation and test results are not in full
agreement, robustness of this design under model uncertainty is demonstrated.

The basic advantage of this second-order controller design is that the stability

of the controller is model independent.

17. Key Words (Suggested by Authoris)) 18. Distribution Statement
Dissipative Controller Design Unclassified--Unlimited
Active Vibration absorber Subject Category 39

Control Experiments for Flexible Structures
Control-Structure Interaction

19. Security Classif. {of this report) 20. Security Classif. (of this page) 21. No. of pages 22. Price

Unclassified Unclassified 11 203

NASA FORM 1628 OCT 85






